PHYSICAL REVIEW B 86, 134108 (2012)

Shock response of nanotwinned copper from large-scale molecular dynamics simulations

Fuping Yuan" and Xiaolei Wu'

State Key Laboratory of Nonlinear Mechanics Institute of Mechanics, Chinese Academy of Science, Beijing 100190,
People’s Republic of China

(Received 24 May 2012; revised manuscript received 19 July 2012; published 10 October 2012)

A series of large-scale molecular dynamics simulations have been performed to investigate the shock response
of nanotwinned (NT) Cu, including shock-induced plasticity, strength behind the shock front, and spall behaviors.
In this study, two configurations were investigated at an impact velocity of 600 m/s, i.e., the practical NT polycrys-
talline Cu with an average grain size of 10 nm and the simple NT single-crystalline Cu with an impact direction of
[112]. In the NT polycrystalline Cu, the average flow stress behind the shock front first increases with decreasing
twin-boundary spacing (TBS), reaching a maximum at a critical TBS, and then decreases as the TBS become even
smaller. This trend of the average flow stress with decreasing TBS is due to two competitive dislocation activities
under shock loading, with one being inclined to the twin boundaries (the dislocation—twin boundary intersecting)
and the other parallel to the twin boundaries (detwinning with twin-boundary migration). Since voids always
nucleate near the grain boundary (GB) junctions and then grow along the GBs to create spallation, no apparent
correlation between the spall strength and TBS is observed in the NT polycrystalline Cu. However, the spall
strengths of the NT single-crystalline Cu are found to increase with decreasing TBS. Two partial dislocation slips
initiated from each twin boundary create voids at the intersections between the partial dislocation slips and twin
boundaries. The smaller TBSs result in a larger number of twin boundaries and provide more nucleation sites for
voids, requiring a higher tensile stress to create spallation in the NT single-crystalline Cu. These findings should

provide insights for understanding the deformation physics of the NT metals subjected to shock loading.
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I. INTRODUCTION

The design of impact-tolerant structures demands
comprehensive understanding of deformation physics for
materials subjected to shock loading. The shock behavior
of materials is typically investigated using plate impact
experiments,’> wherein strain rates of 10°-10° s~! are
achieved. However, recent advancements using laser-induced
shock compression allow the ability to reach strain rates up
to 10'° s71.375 Most of the shock experiments are aimed at
evaluating the macroscopic mechanical properties, such as
the shock front structure, the shock Hugoniot, the strength
behind the shock front, and spall strength. However, the
dynamic response of materials induced by shock wave loading
is often strongly dependent on microstructure evolutions
and the underlying physics of deformation mechanisms.
These deformation mechanisms at an atomic level can be
investigated using molecular dynamics (MD) simulations.
Moreover, MD simulations are also a proven tool in modeling
shock response and providing valuable physical insights for
experimental results conducted at extreme conditions.®>’

Previous MD studies on the shock response of Cu were
mostly limited on either single-crystal or twin-free nanocrys-
talline (NC) metals.®10-12:13,17-20.2227 Germann et al.%’ and
Bringa et al.’ studied the shock propagation along the low
index directions of [001], [110], and [111] for single-crystal Cu
by using Lennard-Jones (LJ) potentials and embedded atom
method (EAM) potentials, respectively. The shock-induced
plasticity from their results was quite similar qualitatively.
Their results indicated that the plastic wave was always
overdriven (i.e., no elastic precursor observed) when the shock
wave was traveling along the [001] direction, while an elastic
precursor separated from the plastic region at the shock front
was observed when the shock wave was traveling along the
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directions of [110] and [111]. MD simulations have been also
employed to study the micromechanisms associated with void
growth and coalescence at the spall plane for single-crystal
Cu subjected to shock loading.®!>18:192227 Their simulation
results showed that the first traversal of the shock wave created
various kinds of defects in the materials, and voids were formed
at stacking fault intersections during the subsequent traversal
of the released tensile waves reflected from free surfaces.
In contrast to single crystal, the presence of a large volume
fraction of grain boundaries (GBs) in the NC metals can
be expected to have a significant effect on the mechanical
properties and microstructure evolutions under shock loading.
For example, the void nucleation was found to occur along GBs
at the spall plane in NC Cu, and the spall strength of NC Cu
at similar strain rates was found to be much smaller compared
to that of single-crystal Cu.'>?%22 Dongare et al.?* have inves-
tigated the effect of impact velocity on the spall behavior of
NC Cu using MD simulations. It was found that higher impact
velocities resulted in a higher strain rate, higher values of
spall strengths, and a larger number of voids in smaller times.
Bringa et al.'” have studied the pressure effect on the shock
compression of NC Cu. An ultrahigh strength behind the shock
front was observed due to the high pressure and the suppression
of GBs sliding under shock loading. As pressure increased,
a shift in the maximum strength to lower grain sizes was
observed due to the suppression of GB associated plasticity.
However, beyond a critical pressure, higher temperatures due
to adiabatic heating resulted in a drop in strength.

The nanotwinned (NT) Cu shows both high strength
and high ductility compared to conventional coarse-grained
polycrystalline Cu.?%?° Uniform uniaxial deformation of NT
Cu has been investigated previously using both experiments
and MD simulations.3*~** Interestingly, the strength of such NT
Cu was found to first increase with decreasing twin-boundary
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spacing (TBS), reaching a maximal strength at a critical twin
thickness, then decrease with further reduced twin thickness
due to a transition of deformation mechanisms from the classi-
cal Hall-Petch type strengthening to a dislocation-nucleation-
controlled softening with twin-boundary migration.?>*!
Harder and tougher materials under shock loading could offer
novel applications, such as improved armor materials. So, it
is highly desirable to examine the microstructure evolutions
and underlying physics of deformation mechanisms for NT Cu
subjected to shock loading since it has the potential to achieve
both high strength and toughness under shock conditions. In
this regard, the focus of this paper is to understand the effect
of TBS on the strength behind the shock front, spall strength,
and related atomic-level deformation mechanisms in NT Cu
subjected to shock loading using MD simulations.

II. COMPUTATIONAL METHODS

The MD simulations were carried out using the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS)
code and a Cu EAM potential developed by Mishin er al.*®
This potential was calibrated according to the ab initio
values of stacking fault and twin formation energies. In this
study, two configurations were considered, i.e., the practical
NT polycrystalline Cu and the simple NT single-crystalline
Cu. The initial three-dimensional polycrystalline Cu samples
(32 x 32 x 80 nm) with an average grain size of d = 10 nm
were created using the Voronoi polyhedral construction,
including both high and low angle GBs in a random selection
of grain orientations. In each grain, twins were inserted by mir-
roring a portion of the matrix with respect to a twin plane. The
same Voronoi grain structure and the same crystallographic
orientations of all grains were retained as the TBS changes.
Seven samples with initial uniform TBSs of A = 0.63, 0.83,
1.04, 1.25, 1.67, 3.13, and 4.17 nm were simulated in order
to investigate the TBS effect on the shock response of NT
polycrystalline Cu. Preparations for NT single-crystalline Cu
(32 x 32 x 80 nm) were relatively straightforward. The impact
direction is [112], while the transverse directions are [111]
and [110]. Since the spall behavior will be expected to show
no large difference as long as the TB is parallel to the impact
direction, the results with the impact direction along [110] will
not be shown in the current study. For NT single-crystalline
Cu, five samples with different twin spacings (A = 0.63, 0.83,
1.04, 2.08, and 4.17 nm) were considered. Periodic boundary
conditions were imposed along transverse directions (X and
Y directions) to mimic one-dimensional (1D) strain shock
loading, while the system was kept free in the shock loading
direction (Z direction). Before shock loading, the as-created
samples were first subjected to energy minimization by the
conjugate gradient method, then gradually heated up to the
desired temperature in a stepwise fashion, and finally relaxed
in the Nose-Hoover isobaric-isothermal ensemble (NPT) under
both a pressure of O bars and a desired temperature (1 K)
for 200 ps. The local atomic arrangement of the deformed
configuration was then visualized using the local crystalline
order method.*® The relaxed NT polycrystalline and single-
crystalline Cu systems with a TBS of 1.04 nm (~7 000 000
atoms) are shown in Figs. 1(a) and 1(b) respectively, with
atoms colored according to common neighbor analysis (CNA)
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FIG. 1. (Color online) (a) The relaxed NT polycrystalline Cu
system with a TBS of 1.04 nm. (b) The relaxed NT single-crystalline
Cu system with a TBS of 1.04 nm. The atoms are colored according
to CNA values. The gray color stands for perfect fcc atoms, red
stands for hcp atoms, and green stands for GBs, dislocation core,
free surface, and other atoms. The same color coding based on CNA
values is used in all figures of the present study.

values. The gray color stands for perfect fcc atoms, red stands
for hep atoms, and green stands for GBs, dislocation core, free
surface, and other atoms. The same CNA color coding is used
in the following figures.

To achieve shock-induced deformation, the first 2 nm of
the sample was chosen as the piston and the atoms in the
piston were given an impact velocity U, in the shock direction
(Z direction). MD simulations of shock wave propagation
were performed using a pulse with a sufficiently long duration
(14 ps), while a square pulse of 8 ps was used to induce
spall at the prescribed region. Shock simulations adopt the
microcanonical NVE ensemble. The time step for integrating
the equations of motion was 2 fs. An impact velocity of
600 m/s was chosen here, at which the NT polycrystalline
shows plasticity under shock compression due to GBs while
the NT single-crystalline Cu remains elastic upon shock
compression.? This impact velocity was also found to gener-
ate enough tensile stress to induce spall in both the NT poly-
crystalline and single-crystalline Cu.??> We divided the simul-
ation cell into fine bins only along the shock direction (the
1D binning analysis) by neglecting the heterogeneities in the
transverse directions, and the average physical properties were
obtained in each bin, such as particle velocity (U,) and stress
(0i;). The center-of-mass velocity of a bin was removed when
calculating o;; from the decomposed virial method.”**’ The
free surface velocity (Us) versus time profile (¢) was obtained
from the particle velocity evolution at the target free surface. In
order to calculate the strength behind the shock front and study
the pressure evolution during the spall process, we defined the
maximum shear stress 2T a8 2Tpax = 07z — (Oxx + 0y,)/2
and the hydrostatic pressure P as P = —(oy, + 0,y + 0;;)/3.

III. SHOCK RESPONSE OF NANOTWINNED
POLYCRYSTALLINE Cu

In shock loading, the piston is driven inward along the
impact direction at a constant velocity U, leading to a shock
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FIG. 2. (Color online) (a) Typical stress (o,, and 21,,x) profiles
1.04 nm. (b) The flow stress (27,,,¢) profiles in the steady region for

along the impact direction for the NT polycrystalline Cu with a TBS of
various NT polycrystalline Cu with different TBSs. (c) The average flow

stress (2Tmax) Vs the twin-boundary spacing for the NT polycrystalline Cu. Error bars represent the standard deviation from statistical analysis

in the steady region.

wave with velocity Us. The major difference between shock
compression and homogeneous compression is that the strain
and stress in the shock front are inhomogeneous and the strain
rate in the shock front is very high.' However, the total
volumetric strain behind the shock front, ¢, is constant and
determined by ¢ = U, /Uy (de/dt = 0). The stress along the
shock direction behind the shock front, o,,, is also constant
and is given approximately by o, = poU, Uy, where py is the
density of the preshocked material. The strain rate within the
shock front is roughly given by ¢ divided by the shock front
rise time, i.e., de/dt ~ eU;A,, where A, is the shock front
width. Figure 2(a) shows a typical shock stress profile for the
NT polycrystalline Cu with a TBS of 1.04 nm. Values are
obtained from a snapshot of MD simulations at 13 ps after
the piston begins to move with 600 m/s. Portions of samples
reached by the shock wave front undergo a fast deformation of
de/dt ~ 2 x 10'°/s during the short shock rise time (several
ps) and then remain at constant strain (¢ = 0.106), eventually
relaxing the shear stress and reaching a steady state.

With 600 m/s of U,, o, for the NT polycrystalline Cu
is approximately 30 GPa. The average flow stress behind the
shock front (within the steady state region) was calculated via
the maximum shear stress, 2tnax = 0;; — (0xx + 0yy)/2. The
maximum shear stress profiles along the Z direction (within

13

the steady state region) for various NT polycrystalline Cu
with different TBSs are shown in Fig. 2(b). Moreover, the
average flow stress in the steady state region as a function of
TBS for the NT polycrystalline Cu is shown in Fig. 2(c). It
is found that the NT polycrystalline Cu shows an ultrahigh
strength (6.3—7.2 GPa) behind the shock front due to the high
shock pressure, as compared to that under uniform uniaxial
deformation (2.3-3.4 GPa) at a similar strain rate.*' It also
can be seen that the average flow stress behind the shock front
first increases with decreasing TBS, reaching a maximum at a
critical TBS, and then decreases as the twin spacing becomes
even smaller, similar to the observations under uniform tensile
deformation.?®#!

In order to understand the trend of the average flow stress
behind the shock front as a function of TBS, deformation
patterns of two samples based on CNA values with different
TBSs (A = 3.13 and 0.63 nm) are shown in Figs. 3(a) and 3(b),
respectively. Only a thin slab along the transverse direction
(X direction, 1 nm thick) within the steady state region is
shown for clarity. The pictures are taken from a snapshot
of MD simulations at 13 ps after the piston begins to move
with 600 m/s. From Fig. 3, it can be seen that there exist
two types of competitive dislocation activities in addition to
the grain-boundary-associated deformation mechanisms under

4108-3



FUPING YUAN AND XIAOLEI WU

FIG. 3. (Color online) Simulated deformation patterns in the
NT polycrystalline Cu with TBSs of (a) A =3.13 nm and
(b) A =0.63 nm. Only a thin slab along the transverse direction
(1 nm thick) within the steady state region is shown for clarity. The
process by dislocations cutting across twin planes is marked by a black
square, while the process by partial dislocations gliding parallel to
twin planes is marked by a black circle.

shock loading, with one being inclined to the twin boundaries
(marked by a black square) and the other parallel to the twin
boundaries leading to detwinning (marked by a black circle).
With decreasing TBS, the dominated deformation mechanisms
are shifted from cutting through twin planes to detwinning
with twin-boundary migration. In the first case, plastic de-
formation is mediated by partial dislocations (emitted from
grain boundaries) cutting into the neighboring twin planes,
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and the twin-boundary migration plays a much smaller role
in accommodating plastic deformation. However, in the latter
case, plastic deformation is mediated by partial dislocations
(nucleated from grain boundaries) gliding along the twin
planes, and the dislocation intersecting is rarely observed here.
So the first increasing trend of the average flow stress with
decreasing TBS is due to the classical Hall-Petch type strength-
ening, i.e., dislocation cutting through twin planes, while the
decreasing trend of the average flow stress with an even smaller
TBS should be related to a dislocation-nucleation-controlled
softening with twin-boundary migration.*!

IV. SPALL BEHAVIOR OF NANOTWINNED
POLYCRYSTALLINE Cu

In order to understand the temporal response of the NT
polycrystalline Cu subjected to a square pulse of shock loading
(8 ps duration), the typical stress (P and o;) files along the
impact direction at various times for the sample with a TBS of
1.04 nm are shown in Fig. 4. In the present paper, a positive
value corresponds to compressive stress, while a negative value
corresponds to tensile stress. First, the sample is compressed
by the shock compression wave, reaching a steady state with
stresses of o,, ~ 30 GPa and P ~ 25 GPa at 12 ps. The
compressed material moves freely as the shock wave reaches
the rear free surface [Fig. 4(b)] and reflects as a tensile wave.

35

t=16 ps
30

25

20

Stress (GPa)

B
R ER RN A E N EE s EEn N e E s e n

Pressure
- == -0z
10F (b)
RTINS NN NS RN FNNS NN SRw N
0 2 30 40 50 60 70 80 90
Z (nm)
35
F t=27 ps
30
25
20
—_ F Pressure
S 15k — — — = 0g
.t
w 10F
g E
= 5k
& I
o N
= Shock
s propagation
_5:_
10?(d)
[T S N N FEEE PR NN FENTE SR N
0 10 20 30 40 50 60 70 80 90

Z (nm)

FIG. 4. (Color online) Shock stress profiles as a function of the Z coordinate for the NT polycrystalline Cu with a TBS of 1.04 nm subjected
to a square pulse at a time of (a) # = 12 ps, (b) = 16 ps, (¢) t =25 ps, and (d) t = 27 ps.
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FIG. 5. (Color online) Distribution of (a) pressure and (b) o,, along the shock direction as a function of time for the NT polycrystalline Cu

with a TBS of 1.04 nm.

The reflected tensile wave interacts with the tail of the initial
compressive wave, resulting in a tensile stress state at 25 ps
[Fig. 4(c)]. The tensile wave continues to propagate toward
the left at 27 ps [Fig. 4(d)]. It is shown that the material at the
prescribed region undergoes a tensile stress state for several
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The contour plots of the distribution of pressure (P) and

normal stress (o;,) along the shock direction, as a function of
time for the NT polycrystalline Cu with a TBS of 1.04 nm, are
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FIG. 6. (Color online) (a) The typical rear free surface velocity profile as a function of time for the NT polycrystalline Cu with a TBS of
1.04 nm showing the spall pull-back signal and the calculation of spall strength. (b) The evolution of pressure and o, at the spall plane as
a function of time for the NT polycrystalline Cu with a TBS of 1.04 nm. (c) The rear free surface velocity profiles as a function of time for
various NT polycrystalline Cu with different TBSs (the free surface velocity curves have been shifted toward the upper region by 100, 200,
300, 400, 500, and 600 m/s for the samples with TBSs of 0.83, 1.04, 1.25, 1.67, 3.13, and 4.17 nm, respectively, to avoid curve overlapping of
similar shapes). (d) The spall strength vs the twin-boundary spacing for the NT polycrystalline Cu.
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shown in Figs. 5(a) and 5(b), respectively. From the figure, it is
clearly seen that the spall region undergoes a change of stress
states (P and o) from the maximum compression states at
15 ps to the maximum tensile states at 25 ps.

The rear free surface velocity is plotted as a function of time
for NT polycrystalline Cu with a TBS of 1.04 nm in Fig. 6(a).
The first shock wave reaches the rear free surface at the time of
point A. This shock wave accelerates the material to approx-
imately twice the particle velocity behind the shock front, as
indicated by point B. The acceleration causes the material to go
into a tension state as a result of which the rear free surface ve-
locity decelerates, as indicated by the curve after point B. The
tensile stress state causes the voids to nucleate at the spall re-
gion, and the nucleation of voids results in a second shock wave
causing the acceleration of the rear free surface after point C.
This is the so-called typical pull-back signal for spallation.

Within the acoustic approximation, the spall strength
can be deduced from the free surface velocity Uy as
o X 2p0c AUy = £ poc(Unmax — Unin)-'® Here py is the den-
sity of the preshocked material, Up,x and Upy, are the
maximum and minimum velocities defined at A and B points
in Fig. 6(a), and ¢ is a longitudinal or bulk sound speed at
zero pressure. For simplicity, we perform linear fitting to the
shock velocity—piston velocity results (based on a series of
simulations) and take the intercept as c. c is about 3.97 km/s
for a temperature of 1 K. The density of the preshocked NT
polycrystalline Cu is 8.96 g/cm?. Based on the pull-back signal
from the free surface velocity, the spall strength for NT poly-
crystalline Cu with a TBS of 1.04 nm is calculated as 12.1 GPa.
Based on the 1D binning analysis, the evolution of pressure (P)
and normal stress (o7;;) at the spall plane as a function of time
is shown in Fig. 6(b). Although the maximum compressive
stresses experienced at the spall plane for P and o, are dif-
ferent, the maximum tensile stresses experienced at the spall
plane for P and o, are almost the same and are as high as those
at 11.3 GPa [Fig. 6(b)]. The rate of pressure and normal stress
(P and o0,;) during the tensile stage is as high as 2.17 GPa/ps.
It is indicated that the maximum tensile stress state at the spall
plane is approximately an equal-triaxial tensile stress state
since the pressure and the normal stress is almost the same.
Then the spall strength calculated from the pull-back signal is
compared to the value directly obtained from the 1D binning
analysis. The former method slightly overestimates the spall
strength, but the values of the spall strength from both methods
are in reasonable accord (12.1 vs 11.3 GPa, and the deviation
is 6%). Thus, the acoustic approximation appears to be a
reasonable first-order approximation and the pull-back signal
can be considered to deduce the spall strength. '8

The rear free surface velocity profiles as a function of time
are shown in Fig. 6(c) for various NT polycrystalline Cu with
TBSs of A = 0.63, 0.83, 1.04, 1.25, 1.67, 3.13, and 4.17 nm.
Then the spall strengths for the samples with various TBSs are
calculated based on the equation of oy, ~ %poc(Umax — Unin)-
Moreover, the spall strength as a function of TBS for the
NT polycrystalline Cu is shown in Fig. 6(d). It is found that
the spall strengths of the NT polycrystalline Cu are nearly
independent of the twin spacing.

In order to understand the TBS effect on the micromech-
anisms of void nucleation and growth for the spallation of
the NT polycrystalline Cu, snapshots of a thin section (1 nm

PHYSICAL REVIEW B 86, 134108 (2012)
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FIG. 7. (Color online) Microstructural evolution of a thin section
showing the void nucleation and growth for the NT polycrystalline
Cu with a TBS of 3.13 nm at a time of (a) 24 ps, (b) 32 ps, and
(c) 40 ps and for the NT polycrystalline Cu with a TBS of 0.63 nm at
a time of (d) 24 ps, (e) 32 ps, and (f) 40 ps. Only a thin slab along the
transverse direction (1 nm thick) including the spall region is shown
for clarity. The color coding is based on the CNA values.

thick slab along the X direction, including the spall region)
at different times are illustrated in Fig. 7 for the samples with
TBSs of 3.13 nm [Figs. 7(a)-7(c)] and 0.63 nm [Figs. 7(d)—
7(f)]. The snapshots show different dislocation behaviors in the
grains near the spall region for different TBSs. However, it can
be seen that the voids always nucleate near the GB junctions
and then grow along the GBs independent of TBS, generating
nearly the same spall strength for the NT polycrystalline Cu
with various TBSs [Fig. 6(d)]. The nucleation of voids is
mainly attributed to a mechanical separation and sliding of
grains at the GBs and not by dislocation behaviors in the grain
interior under tensile shock loading.'>?%?? The continue tensile
shock deformation increases the size of voids, and eventually
causes the coalescence of voids and completely spallation.
Previous ex situ and in situ quasistatic tensile experiments
on nanocrystalline metals***’ also showed that fracture is
an intergranular manner and is initiated by the nucleation of
voids at GBs and triple junctions through unaccommodated
GB sliding. Similar fracture behaviors were also found in
MD simulations for other deformation conditions, such as
crack propagation in precracked nanocrystalline metals® and
triaxial uniform tensile loading in nanocrystalline metals.>!
Theoretical models®>? indicated that crack initiation at triple
junctions is energetically favorable in nanocrystalline metals,
and is mediated by the accumulation of the dislocation charge
at triple junctions and the accompanied GB sliding. So, in the
presence of GBs and triple junctions, the spall strength of the
NT polycrystalline Cu is nearly independent of TBS since GBs
and triple junctions are always the energetically favorable sites
for void nucleation.
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FIG. 8. (Color online) (a) The rear free surface velocity profiles as a function of time for various NT single-crystalline Cu with different
TBSs and the twin-free single-crystalline Cu (the free surface velocity curves have been shifted toward the upper region by 200, 400, 600, 800,
and 1000 m/s for the samples with TBSs of 0.83, 1.04, 2.08, and 4.17 nm and the twin-free single-crystalline Cu, respectively, to avoid curve
overlapping of similar shapes). (b) The spall strength vs the twin-boundary spacing for the NT single-crystalline Cu. Error bars represent the
standard deviation from a statistical analysis in calculating the Upy.

V. SPALL BEHAVIOR OF NANOTWINNED the transverse directions are [111] and [110] for the NT
SINGLE-CRYSTALLINE Cu single-crystalline Cu. One twin-free single-crystalline Cu with
the same crystallographic orientations was also simulated for

It is found in Sec. IV that the spall strength is independent
of TBS due to the existence of GBs in the NT polycrystalline
Cu. Another intriguing issue worthy of comprehensive study
here is how TBS affects the spallation behaviors in NT
single-crystalline Cu without the presence of GBs. In this
regard, the TBS effect on the spall strength of NT single-
crystalline Cu was studied and presented in this section.
As indicated in Sec. II, the impact direction is [112], while

comparison.

The rear free surface velocity profiles as a function of time
are shown in Fig. 8(a) for the NT single-crystalline Cu with
TBSs of A = 0.63, 0.83, 1.04, 2.08, and 4.17 nm and the twin-
free single-crystalline Cu. The spall strengths of the NT single-
crystalline Cu and the twin-free single-crystalline Cu were
then calculated by the same method as that used in Sec. IV.

[12] [112] [112]

[111] [111] [110]
CSP [110] [110] (1]

i

(@) (b) (c)

Partial

dislc

catic

FS atoms®

HCP, SF and DC atoms‘

Stacking

faults

FIG. 9. (Color online) Void nucleating patterns based on CSP for (a) the NT single-crystalline Cu with a TBS of 4.17 nm, (b) the NT
single-crystalline Cu with a TBS of 0.63 nm, and (c) the twin-free single-crystalline Cu. The colors with smaller CSP values (CSP < 8.33)
represent hcep, stacking faults (SFs), and dislocation core (DC) atoms, while the colors with bigger CSP values (CSP > 8.33) represent the free
surface atoms or the atoms near the free surface.
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Moreover, the spall strength as a function of TBS for the NT
single-crystalline Cu is shown in Fig. 8(b), where the data
for the twin-free single-crystalline Cu are also included. It is
found that the spall strengths of the NT single-crystalline Cu
are higher than those of the twin-free single-crystalline Cu,
and increase with decreasing TBS.

In order to understand the trend of spall strength as
a function of TBS for the NT single-crystalline Cu, void
nucleation patterns based on centrosymmetry parameters
(CSPs) for two samples with different TBSs (A = 4.17 and
0.63 nm) are shown in Figs. 9(a) and 9(b), respectively. The
deformation pattern for the twin-free single-crystalline Cu is
also shown in Fig. 9(c) for comparison. In Fig. 9, smaller
CSP values (CSP < 8.33) represent hcp, stacking faults (SFs),
and dislocation core atoms, while bigger CSP values (CSP >
8.33) represent the free surface atoms or the atoms near the
free surface. For the twin-free single-crystalline Cu, voids
are observed to nucleate at stacking fault intersections in the

t=24ps

PHYSICAL REVIEW B 86, 134108 (2012)

spall region, as shown in Fig. 9(c). This mechanism of void
nucleation is very similar to that reported previously.'>!41922
However, the partial dislocations are observed to initiate at
the twin boundaries and propagate at both sides of the twin
boundaries in the spall region for the NT single-crystalline
Cu [Fig. 9(a)]. The two partial dislocation slips initiated from
each twin boundary create voids at the intersections between
the partial dislocation slips and twin boundaries. As indicated
in Figs. 9(a) and 9(b), smaller TBSs result in a larger number
of twin boundaries and provide more nucleation sites for voids,
requiring higher tensile stress to create spallation.

The snapshots of the spallation process based on CNA
values for the NT single-crystalline Cu with s TBS of 4.17 nm
are illustrated in Fig. 10. Voids are observed to initiate at the
intersections between the partial dislocation slips and twin
boundaries, and the initial voids are of a nonspherical shape
in nature [Fig. 10(a)]. Continued tensile deformation increases
the size of the voids to create spallation.

t=32ps t=40ps

112

[111]

[i10]

112]

fi10]
1]

(d)

(e) ®

FIG. 10. (Color online) The snapshots of the spallation process based on CNA values for the NT single-crystalline Cu with a TBS of
4.17 nm. The deformation patterns are observed from the [110] direction at a time of (a) t = 24 ps, (b) t = 32 ps, and (c) t = 40 ps. The
deformation patterns are observed from the [111] direction at a time of (d) # = 24 ps, (e) t = 32 ps, and (f) t = 40 ps.
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VI. CONCLUDING REMARKS

MD simulations have been carried out to understand the
effect of TBS on shock response and the corresponding de-
formation mechanisms in nanotwinned Cu. The average flow
stress behind the shock front first increases with decreasing
TBS, reaching a maximum at a critical TBS, and then decreases
as the TBSs become even smaller in the NT polycrystalline
Cu. This trend is mainly caused by two competitive dislocation
activities under shock loading: dislocation-twin boundary
intersecting by the inclined dislocations and twin-boundary
migration by the parallel dislocations. No apparent correlation
between the spall strength and TBS is observed in the NT
polycrystalline Cu since voids always nucleate and grow along
the GBs to create spallation. However, TBS has a strong

PHYSICAL REVIEW B 86, 134108 (2012)

influence on the spall strength of NT single-crystalline Cu,
which is found to increase with decreasing TBSs. Voids are
found to nucleate at the intersections between twin boundaries
and two initiated partial dislocation slips. So the smaller TBSs
result in a larger number of twin boundaries and provide more
nucleation sites for voids, requiring a higher tensile stress to
create spallation in the NT single-crystalline Cu.
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